Changes in gene expression in rat thymocytes identified by cDNA array support the occurrence of oxidative stress in early magnesium deficiency1Presented in part at the 9th International Magnesium Symposium, 10–15 September 2000, Vichy, France.1  by Petrault, Isabelle et al.
Changes in gene expression in rat thymocytes identi¢ed by cDNA array
support the occurrence of oxidative stress in early magnesium de¢ciency1
Isabelle Petrault a, Wioletta Zimowska a, Jacques Mathieu b, Dominique Bayle a,
Edmond Rock a, Alain Favier c, Yves Rayssiguier a, Andrzej Mazur a;*
a CRNH d’Auvergne, Unite¤ Maladies Me¤taboliques et Micronutriments, INRA, Theix, 63122 St Gene's Champanelle, France
b CRSSA, De¤partement de Radiobiologie et Radiopathologie, 38702 La Tronche, France
c Laboratoire de Biologie du Stress Oxydant, Universite¤ Joseph Fourier, Grenoble, 38702 La Tronche, France
Received 1 February 2001; received in revised form 21 August 2001; accepted 3 October 2001
Abstract
Magnesium deficiency in experimental animals leads to inflammation, exacerbated immune stress response and a decrease
of specific immune response. It also results in a significant increase in free radical species and subsequent tissue injury. An
accelerated thymus involution was observed in Mg-deficient rats in relation to enhanced apoptosis and enhanced
susceptibility to oxidative stress. To examine the stress-inducing effects of low Mg status on thymocytes, cDNA arrays were
used to evaluate changes in gene expression in weaning rats submitted to Mg deficiency of short duration (2 days). Several
genes exhibited changes in their expression caused by Mg deficiency before any perceptible modification in cell integrity and
functions. The up-regulated genes included cytochrome c oxidase, glutathione transferase, CuZn superoxide dismutase, genes
associated with the stress response (HSP70 and HSP84) and a gene involved in DNA synthesis and repair (GADD45). The
down-regulated genes included Na/P cotransporter 1. These findings are consistent with altered cell growth, modifications of
ion fluxes and oxidative stress described during Mg deficiency. The observation of induction of genes involved in protection
and repair in cells from Mg-deficient animals provides additional evidence of the role of oxidative stress in the pathobiology
of this deficiency. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Magnesium is the most abundant intracellular di-
valent cation playing an essential role in a wide range
of fundamental cellular reactions. Many symptoms
and diseases are attributed to altered Mg homeosta-
sis [1,2]. Diet-induced Mg de¢ciency in experimental
animals leads to in£ammation, exacerbated immune
stress response and a decrease of speci¢c immune
response [3^7]. Several studies have tried to identify
the origin and characterize the in£ammatory re-
sponse associated with Mg de¢ciency, which results
in a signi¢cant increase in free radical species and
subsequent tissue injury [3,8,9].
Our previous work showed an accelerated thymus
involution in Mg-de¢cient rats related to enhanced
apoptosis and reduced resistance to peroxidation
[10]. To examine the stress-inducing e¡ects of low
Mg status on thymocytes, a cDNA array was used
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to evaluate changes in gene expression in Mg-de¢-
cient rats. The method of cDNA array expression
pro¢ling provides a novel approach to simultane-
ously characterize the expression of a large number
of genes [11]. We decided to assess the early response
to Mg de¢ciency in order to avoid the in£uence of
general in£ammation, which occurs in the latter
stages of this de¢ciency. For that purpose we chose
to evaluate di¡erential expression of genes in thymo-
cytes from rats submitted to a Mg de¢ciency of short
duration (2 days).
In this study, using the cDNA array approach, we
have identi¢ed genes di¡erently expressed in thymo-
cytes of Mg-de¢cient rats as compared to controls.
The di¡erent expression of several of them supports
the existence of oxidative stress during Mg de¢-
ciency, even in the early stages of this de¢ciency.
2. Materials and methods
2.1. Animals
Three-week-old weanling male Wistar rats (IFFA-
CREDO, L’Arbesle, France) weighing about 60 g
were randomly divided into Mg-de¢cient (n = 10)
and control groups (n = 10). The institution’s guide
for the care and use of laboratory animals was used.
The rats were housed in wire-bottomed cages in a
temperature-controlled room (22‡C) with 12 h dark
(20.00^8.00 h) and 12 h light periods. They were fed
with the appropriate diets (described later) for 2
days. Diets and distilled water were provided ad li-
bitum. The synthetic diet contained (g/kg): casein
200, sucrose 650, corn oil 50, alphacel 50, DL-methio-
nine 3, choline bitartrate 2, modi¢ed AIN-76 vitamin
mix 10 (ICN Biomedicals, Orsay, France). Magnesi-
um oxide was omitted from the mineral mix in Mg-
de¢cient diet. The Mg concentrations of diets deter-
mined by £ame atomic absorption spectrometric
analysis (Perkin Elmer 400, Norwalk, CT, USA)
were 35 and 980 mg/kg for de¢cient and control di-
ets, respectively. After 2 days on the experimental
diets the animals were anesthetized with pentobarbi-
tal. Blood was collected by exsanguination via ab-
dominal aorta and heparinized plasma was obtained
by low-speed centrifugation (2000Ug). Thymuses
were rapidly removed and weighed.
2.2. Thymocyte preparation
Thymocytes were prepared from freshly isolated
thymic glands. Cells were dispersed by gentle homog-
enization in a glass homogenizer, washed in cold
(4‡C) phosphate-bu¡ered saline solution (PBS) and
¢ltered through 70 Wm Falcon ¢lters (Becton Dick-
inson, NJ, USA). Cell number and viability were
determined by trypan blue dye exclusion and counted
using a hematocytometer. Routinely, thymocyte pu-
rity was about 90%, using scatter analysis in a £ow
cytometer. The Mg concentration in thymocytes was
assessed by £ame atomic absorption spectrometric
analysis [12].
2.3. Analyses in the blood
The total white cell count and the di¡erential
counts for neutrophils, monocytes and lymphocytes
were made by routine techniques. Plasma Mg was
determined by £ame atomic absorption spectrometric
analysis after dilution in lanthanum chloride solution
containing 1 g La/l.
2.4. Flow cytometry measurements
Cellular viability was evaluated using propidium
iodide (PI, Sigma, St. Louis, MO, USA). About
1U106 cells were pelleted, resuspended in PBS and
immediately ¢xed in 2 ml ice-cold ethanol for at least
1 h. Cells were centrifuged from the ¢xative, resus-
pended in 1 ml of PBS containing 50 Wg/ml PI and
incubated at 37‡C for 15 min. Red (s 620 nm) £uo-
rescence was then recorded. Cellular membrane
changes (phosphatidylserine externalization) was
evaluated by annexin-V-FLUOS (£uorescein-conju-
gated anticoagulant for the detection of phosphati-
dylserine on the outer lea£et of apoptotic cells,
Roche Diagnostics, Meylan, France). To evaluate
the mitochondrial membrane potential (8m), the
cell uptake of one cationic lipophilic £uorochrome,
chloromethyl-X-rosamine (CM-X-Ros, Molecular
Probes, Eugene, OR, USA) was measured. The latter
two analyses were performed simultaneously. Brie£y,
0.2U106 cells were pelleted and incubated at 37‡C
for 10 min in HBSS (0.1% albumin bovine) contain-
ing 30 nM CM-X-Ros (Molecular Probes, solution
stock 1 mM in DMSO). Then cells were centrifuged,
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resuspended in HBSS (10 mM HEPES) containing
30 Wl annexin V-FLUOS (50 Wg/ml) and incubated
at room temperature for 5 min. Finally, the cells
were centrifuged and resuspended in HBSS solution
and analyzed on the £ow cytometer using 488 nm
excitation and a 525 nm bandpass ¢lter for £uores-
cein green and a 630 nm bandpass ¢lter for £uores-
cence red. In this analysis living cells are annexin-V-
FLUOS negative and CM-X-Ros positive, apoptotic
cells continually alive are annexin-V-FLUOS positive
and CM-X-Ros negative. Oxidative metabolism mea-
surement was performed using a cell permeable
probe, 2P,7P-dichlorodihydro£uorescein diacetate
(H2DCFDA), purchased from Molecular Probes.
The initial product was non-£uorescent and after ox-
idation, the £uorescent product, dichloro£uorescein,
was generated. The cells were incubated in HBSS
containing H2DCFDA (10 WM) at 37‡C for 10
min. Following two washes, the £uorescence was im-
mediately analyzed on a £ow cytometer and recorded
in FL1 (bandpass 530 nm). To determine the level of
Bcl-xl protein cells were ¢xed in 4% paraformalde-
hyde and then washed twice with PBS containing 1%
FBS, 0.1% sodium azide, and 0.1% saponin (perme-
abilization bu¡er). After incubation with the ¢rst
antibody (anti-Bcl-xl mouse IgG1, Transduction
Laboratories, Montluc°on, France) and washing
with permeabilization bu¡er, staining with rabbit
FITC-labeled anti-mouse IgG (Transduction Labo-
ratories) was performed. Then the cells were washed
once with permeabilization bu¡er and again with
PBS. All steps were performed at 4‡C. In £ow cytom-
etry experiments, the £ow cytometer Facs Vantage
(Becton Dickinson Immunocytometry System, San
Jose, CA, USA) was used.
2.5. Preparation of total RNA
Total RNA was prepared from isolated cells ac-
cording to Chomczynski and Sacchi [13] and resus-
pended in diethyl pyrocarbonate-treated water. Con-
taminating DNA was removed by incubation with
200 U of RQ DNase (Promega, Mississauga, ON,
Canada). Quanti¢cation and purity of the RNA
was assessed by A260/A280 absorption, and RNA
samples with ratios above 1.6 were stored at
370‡C for further analysis.
2.6. The cDNA expression array
To generate radiolabeled cDNA probes, pooled
total RNA for each group (six per group) was re-
verse-transcribed with Moloney murine leukemia vi-
rus reverse transcriptase in the presence of [K-
32P]dATP. The radiolabeled cDNA probes were pu-
ri¢ed from unincorporated nucleotides by gel ¢ltra-
tion using Chroma-Spin-200 columns (Clontech,
Palo Alto, CA, USA) and hybridized overnight at
68‡C to rat cDNA expression array membranes con-
sisting of 1176 known genes (Atlas Rat 1.2 Array,
Clontech), as described by the manufacturer. A com-
plete list of genes on this array can be assessed at the
web site http://www.clontech.com/atlas/genelists/
7854-1_Ra12.txt. The hybridization data were col-
lected with a Molecular Dynamics PhosphoImager
(Molecular Dynamics, Sunnyvale, CA, USA) and
analyzed as speci¢ed by the array manufacturer.
2.7. RT-PCR analysis
The reverse transcription-polymerase chain reac-
tion (RT-PCR) was used to verify the array data
quantitatively. Total RNA (3 Wg) converted into ¢rst
strand cDNA using the Ready-To-Go You-Prime
First-Strand Beads Kit (Amersham Pharmacia Bio-
tech, Piscataway, NY, USA) and 1 Wl (0.5 mg/ml)
oligo(dT)15 Primer (Promega) were incubated at
37‡C for 60 min. The PCR was carried out in a total
volume of 25 Wl. 1 Wl of the RT mixture and 25 WM
concentration of the upper and lower speci¢c primers
(Isoprim, Toulouse, France) were added to the
Ready-To-Go PCR Beads Kit (Amersham Pharma-
cia Biotech). The mixtures were overloaded with 50
Wl of mineral oil. All PCR reactions were performed
individually for each primer pair in a Hybaid OmnE
thermocycler (Hybaid, Teddington Middlesex, UK)
that was programmed as follows: a unique 4 min
period for complete denaturation at 94‡C in the be-
ginning followed by a primer-speci¢c number of
cycles of 30 s denaturation at 94‡C, 30 s annealing
at 57^60‡C (see below), and 30 s primer extension at
72‡C, with an additional 8 min at 72‡C, for ¢nal
extension. For the PCR step, the following speci¢c
primers were used: rat cytochrome c oxidase 5B:
product size 240 bp, 22 cycles, annealing temperature
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60‡C, forward 5P-ATG ATA GCA GCA CAG AGG
GGA C-3P, reverse 5P-GGC TCA GTG GAC CAT
TTG GTA G-3P ; rat Gadd45: product size 394 bp,
24 cycles, annealing temperature 57‡C, forward 5P-
CGA GAA CGA CAT CAA CAT CC-3P, reverse 5P-
TTG AAC TCA GCC CCT TGA C-3P ; rat CuZn
SOD1: product size 250 bp, 22 cycles, annealing tem-
perature 60‡C, forward 5P-TGA TGA CCC CAA
CAA CCA CC-3P, reverse 5P-TCT GAC CTG CTA
CGA TAC CAC-3P. The number of PCR cycles in
each system was chosen within the linear phase to
use this assay as a relative measure of gene expres-
sion. For normalization a glyceraldehyde-3-phos-
phate dehydrogenase (G3PDH) primer was used.
The PCR products (12 Wl) were resolved on 1% aga-
rose gel containing (0.75 mg/ml) ethidium bromide
and visualized under UV light.
2.8. Statistical analysis
Results are expressed as means þ standard error of
the means (S.E.M.). The statistical signi¢cance of
di¡erences between groups was assessed using Stu-
dent’s t unpaired test (Instat, Graphpad, San Diego,
CA, USA). Results were considered signi¢cant at
P6 0.05.
3. Results
The general status of control and Mg-de¢cient an-
imals is shown in Table 1. The body and thymus
weights were similar in both groups. There were nei-
ther perceptible in£ammatory symptoms (hyperemia
of the ears) nor increase in blood leukocytes in de¢-
cient animals (Table 1), which appear in latter stages
of this de¢ciency [7]. Plasma Mg was signi¢cantly
lower in Mg-de¢cient rats as compared to controls
(Table 1). There was no signi¢cant modi¢cation
of Mg concentration in thymocytes of Mg-de¢cient
rats as compared to control (0.166 þ 0.009 vs.
0.171 þ 0.010 Wg Mg/106 cells; n = 8 per group). Mod-
i¢cation of parameters studied by £ow cytometry
was not detected in thymocytes from Mg-de¢cient
rats as compared to controls (Table 2). Using the
cDNA expression array (Clontech) it was found
that among 1176 genes on the array membrane,
20% presented a quanti¢able expression in thymo-
cytes. Two day Mg de¢ciency in weanling rats re-
sulted in signi¢cant changes in gene expression in
comparison to control diet-fed rats. The most prom-
inent changes are listed in Table 3. The up-regulated
genes included cytochrome c oxidase, glutathione
transferase, CuZn superoxide dismutase, HSP84
Table 1
The general status of control and Mg-de¢cient rats after 2 days on the de¢cient diet
Group Control Mg-de¢cient
Body weight (g) 73 þ 3 72 þ 3
Relative thymus weight (g/100 g b.wt.) 0.30 þ 0.06 0.29 þ 0.03
Blood leukocytes (106/ml) 5.8 þ 1.8 6.4 þ 0.8
Plasma Mg (mM) 0.81 þ 0.04 0.40 þ 0.09*
Mean values þ S.E. for 10 animals; *P6 0.001 Student t-test.
Table 2
Flow cytometry analyses of thymocytes from control and Mg-de¢cient rats after 2 days of de¢ciency
Group % of total cells
Control Mg-de¢cient
CM-X-rosamine negative/annexin V positive cells 5.0 þ 2.0 4.4 þ 1.0
Bcl-xl positive cells 9.7 þ 3.6 9.7 þ 2.7
DCF positive cells 78.4 þ 3.4 81.0 þ 3.0
Mean values þ S.E. for six animals, not signi¢cantly di¡erent between groups (Ps 0.05, Student t-test).
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and 70, and GADD45. The down-regulated genes
included Na/P cotransporter 1. A RT-PCR study for
selected genes con¢rmed these results (Fig. 1).
4. Discussion
The cDNA expression array was used for identify-
ing potential targets of Mg de¢ciency in thymocytes
of rats submitted to Mg de¢ciency of short duration
(2 days). Several genes exhibited changes in their ex-
pression caused by this de¢ciency (listed in Table 3).
These ¢ndings are consistent with altered cell growth,
modi¢cations of ion £uxes and oxidative stress de-
scribed during Mg de¢ciency, in in vivo as well as in
vitro studies [3,8,14].
One of the most interesting results of the array
study is the di¡erential expression of genes involved
in protection against oxidative stress and oxidative
damage repair. The involvement of free radicals in
Mg de¢ciency is well documented [3,8] in spite of the
di⁄culty of demonstrating their production in vivo.
Recent studies have clearly shown that lipid per-
oxidation is increased in Mg-de¢cient rat tissues,
including thymus, probably because of a greater
production of free radicals. Using electron spin
resonance techniques, increased production of hy-
droxyl radicals (OHc) was evidenced in skeletal
muscle homogenates from Mg-de¢cient rats [9]. It
has been proposed that OHc radicals were probably
derived from increased production of superoxide
anion (Oc32 ). The presence of in£ammatory cells in
several tissues, including thymus, and their activation
by Mg de¢ciency result in the production of super-
oxide anion [10,15]. Here, the up-regulation of cyto-
chrome c oxidase indicates that the mitochondrial
Table 3
Di¡erential gene expression in thymocytes of weanling rats after 2 days on Mg-de¢cient diet evaluated by cDNA array
GenBank accession No. Genes
Up-regulated
D10952 Cytochrome c oxidase subunit Vb and VIa precursor (COX5B)
L32591 Growth arrest and DNA damage inducible protein 45 (GADD45)
U36444 cdc-related serine/threonine kinase
M75153 Rab-11A, Ras p21-like small GTP-binding protein
X62660, S37370 Glutathione transferase, subunit 8
M1452 ATPase, sodium/potassium, K2 isoform catalytic subunit
M95578 Interleukin-1 receptor type I (IL1-R1)
X70062 ATPase, sodium/potassium, Q subunit
L15453 Voltage-activated calcium channel K1 subunit
M63122 Tumor necrosis factor receptor 1 (TNF-R1)
X02904 Glutathione S-transferase P subunit
S79760 Cyclin-dependent kinase 4 inhibitor B
Y00404 CuZn superoxide dismutase 1 (CuZn SOD1)
Y00396 c-myc proto-oncogene protein
S45392 Heat shock protein 84 (HSP84)
Z27118 Heat shock protein 70 (HSP70)
J02998 Ras-related protein rab 1A
Down-regulated
U28504 Sodium/phosphate cotransporter 1
L24388 P58/GTA (cdc-related protein kinase)
L13151 Ras-GTPase-activating protein (GAP)
Fig. 1. E¡ect of 2 day Mg de¢ciency on selected gene expres-
sion in rat thymocytes assessed by RT-PCR. C, control; D, Mg
de¢cient.
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respiratory chain may also be involved as suggested
by earlier studies [16]. Previously published experi-
mental evidence also provided direct support for a
reduction in antioxidant content during Mg de¢-
ciency: decrease in cell glutathione content [17], re-
duction of liver ascorbate synthesis [18], and tissue
vitamin E [19]. Other studies have found that anti-
oxidants were able to reduce cardiac lesion and fre-
quency in Mg-de¢cient animals [3].
The present observation of induction of genes in-
volved in protection and repair in cells from Mg-
de¢cient animals provides additional evidence of an
important role of oxidative stress in the pathobiology
of Mg de¢ciency. Indeed, Mg de¢ciency induced
gene expression of CuZn superoxide dismutase and
glutathione transferase. These enzymes have well
known roles in the protection of the cell against oxi-
dative stress. Similar observations have been made in
other models of oxidative stress. For example, high
glucose induced antioxidant enzymes in cultured cells
in relation to the oxidative stress response [20]. Other
genes up-regulated in thymocytes from Mg-de¢cient
rats were heat shock proteins (HSP84 and 70). Alter-
ations in the expression of HSPs have been widely
observed in a number of disease states [21]. It has
been shown in several models of oxidative stress that
reactive oxygen species (ROS) or decreased cellular
thiol function induce HSP expression (for example
H2O2 [22]). Cells increase their expression of HSP
to prevent intracellular protein aggregation and sub-
sequent cell damage [21]. Another result of impor-
tance is the induction of a gene involved in DNA
synthesis and repair, growth arrest and DNA dam-
age inducible protein 45 (GADD45). GADD45 is a
ubiquitously expressed mammalian gene induced by
DNA damage and other stresses [23]. The induction
of GADD45 has been observed in various conditions
involving oxidative stress and damage [24,25]. Inter-
estingly, as also observed in our study, in a model of
oxidative stress in vitro the concomitant induction of
GADD45 and HSP70 was shown by an array study
[24].
Of particular interest is the fact that in the present
work, changes in gene expression occurred very early
during Mg de¢ciency (only 2 days on a de¢cient
diet), and before in£ammatory symptoms and per-
ceptible modi¢cations in cell functions. This could
be interpreted as a result of the defense of the cell
against an insult, including oxidative stress, caused
by low extracellular Mg. The underlying mechanism
for oxidative stress induction by Mg de¢ciency is still
unknown. However, the present study indicates that
it is an early event occurring during Mg de¢ciency.
Cellular Mg content is tightly regulated and changes
only slightly even when the extracellular concentra-
tion is dramatically decreased [26]. We have shown
that total intracellular Mg was una¡ected in our
experimental conditions. Thus, the e¡ect of Mg
de¢ciency may be induced by the reduction of the
extracellular Mg2 concentration. Several pathophy-
siological stress responses are dependent on cytosolic
Ca2 elevation. Since Mg frequently acts as a natural
Ca antagonist, Mg de¢ciency induced stress may
be, at least in part, the consequence of a reduced
extracellular Mg2 resulting in an increased intra-
cellular free Ca2 concentration. This may a¡ect
the mitochondrial respiratory activity and lead to
generation of active O2 species. Sources of free rad-
icals may be both intracellular and extracellular,
such as those released by activated leukocytes, plate-
lets and monocytes. Phagocytic cells, which release
superoxide anion and free radical species when acti-
vated, are one of the potential sources of free radi-
cals involved in damage caused by Mg de¢ciency
[7,15].
Whatever the main source of free radicals in tis-
sues of Mg-de¢cient animals, it appears that the phe-
nomenon occurs very early in this de¢ciency and ex-
erts a signi¢cant role at the cellular level. In normal
conditions a balance exists between free radical pro-
duction and antioxidant/repair mechanisms so that
tissue injury is not promoted. The observed induc-
tion of several genes, and especially those of antioxi-
dant enzymes, is undoubtedly a result of the protec-
tive response against free radicals. In fact, oxidative
stress conditions were shown to enhance the expres-
sion of several antioxidant enzymes, which serve to
limit oxidative damage. In early de¢ciency this pro-
tection appears to be e⁄cient since we have observed
no alterations in cell integrity and functions. How-
ever, in later stages of this de¢ciency it seems that
exhaustion of these defenses leads to damage in var-
ious tissues. In thymus this could explain the ob-
served accelerated involution reported by us earlier
[10]. The reported observation of early induced
changes in gene expression by Mg de¢ciency also
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raises the question: are there any other events (for
example, superoxide, hydroxyradical oxidation of
glutathione) that might indicate this earliest phase
of elevated oxidant species during this de¢ciency?
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